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ABSTRACT

The polarization of light scattered into directions out of the plane of inci-
dence for 532 nm light incident at 45° with p-polarization was measured from
rough silicon, rough titanium nitride, polished fused silica and glass ceramic, and
ground and incompletely polished black glass. Models for polarized light scatter-
ing from microroughness, subsurface defects, and facets are reviewed. The mea-
surements demonstrate the validity of the models and the utility of polarized light

scattering measurements for distinguishing between roughness and defects.
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1. INTRODUCTION

The amount of light scattered by a material is often a sensitive measure of the qual-
ity of that material.! Since a perfectly smooth surface of a material having translational
symmetry will not scatter light, any defects, be it roughness, subsurface defects, grain
structure, or particulate contamination, will scatter light into directions away from the
specular or transmitted directions. It is therefore common to measure the bidirectional
reflectance distribution function (BRDF), the fraction of incident light scattered per unit
projected solid angle, or a solid-angle-integrated BRDF, to automate the assessment of
the condition of materials such as bare silicon wafers, magnetic and optical storage me-
dia, mirrors, flat panel displays or other high quality optical materials.?* Although dif-
ferent characteristic defects on any particular material sometimes have signature BRDF's
that allow them to be distinguished, the BRDF lacks the general capability of unam-

biguously distinguishing between different sources of scatter.

On the other hand, the polarization of the light can indicate the path that the light
followed during its trajectory. For example, light scattered by a particle above the sur-
face of a material undergoes different trajectories than light which is scattered by rough-
ness of a surface or by a defect below a surface. This effect is expected to be most pro-
nounced for scattering of obliquely incident light into directions out of the plane of inci-
dence, since these directions allow the viewing instrument to best observe the rotations
of the electric field that occur upon refraction and reflection. Therefore, the polariza-
tion of out-of-plane scattered light should strongly indicate the sources of that scattered

light.

Although polarized light scattering has been prevalent in studies of scattering in
particles,* its use has been limited in the study of surfaces.®7° Much of this disuse has

been a combined result of instrumentation issues and the interpretation of the results.
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From the instrumentation side, measurements of light scattered out of the plane of in-
cidence add extra degrees of freedom that are not present in the measurements of free
particle scattering. On the interpretation side, few models have guided the experimen-
talist to the quickest and most efficient measurement. For example, the elements of the
Mueller matrix BRDF, the polarimetric generalization of the BRDF, do not necessarily
map directly onto those properties of the material which are relevant to understanding
the origin of the scattered light. For example, one cannot simply take a particular ele-
ment of the Mueller matrix BRDF and assign its magnitude to the density of a particu-

lar type of defect.

It is shown in this paper that a less generalized polarimetric treatment of the scat-
tered light, bidirectional ellipsometry,!! enables one to determine the location of scatter-
ing centers. In bidirectional ellipsometry, light with a particular linear polarization state
is incident onto the surface, and the direction of the polarization of the scattered light
is mapped out with a detection polarizer, yielding a principal angle of polarization, 7,
and a degree of linear polarization, F;,. It is shown that the value of n can be a sensitive

measure of the origin of the scattered light.

In Section 2, simple model predictions for scattering from subsurface spheres, micro-
roughness, and facets will be reviewed. The experiment by which these models will be
tested will be outlined in Sec. 3. The results of these measurements will be presented
in Sec. 4. Section 5 will discuss these results, comparing them to the model predictions.

Finally, the conclusions of the paper will be set forth in Sec. 6.

2. THEORY

The coordinate system used to describe the incident and scattered light directions

and polarizations is outlined in Fig. 1. The z axis coincides with the surface normal, and
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light is assumed to be incident at an angle 8; in the z-z plane. The direction of scattered
light is parameterized by its polar angle 6, and azimuthal angle ¢,. The basis set used
to describe the polarization will be {8, P, R}, where k is a unit vector in the direction of
propagation, § is a unit vector perpendicular to the plane of incidence (or viewing), and
p = k x 8 is a unit vector in the plane of incidence (or viewing). There is a separate
basis set for the incident and the scattered light, denoted by the subscripts i and r, re-

spectively. The substrate material is assumed to have a complex dielectric constant € at

the wavelength of the incident light, A.

Theories for scattering from particulate contaminants and subsurface defects
in the Rayleigh limit, from microtopography, and from facets have been developed
elsewhere.!?:13 In this section, we summarize the results of the subsurface defect and

microroughness theories. Each of these theories predicts the form of the Jones scatter-

(Ezcat> B ML(?J@IE) (QSS qu> (El.nc>
E;cat R dsp dpp E;’nc ,

(k = 2m/\) which relates the components of the scattered electric field, E*®*, at a dis-

ing matrix,

tance R from the sample, to those of the incident electric field, E™*¢. An overall factor,
A, which is common to all four elements of the matrix, does not affect the polarization
of the light and will not be discussed in this paper. For comparison with experimental
results, the scattering Jones matrix can be converted to its Mueller representation using

a standard relationship found in the literature.*®

Spheres small enough to be considered in the Rayleigh limit located below a surface

will lead to a Jones scattering matrix, with elements given by!?
q3s” = kcos g /[(kai + k) (kax + KL, (1a)

@i = —klisin ¢y /[(eka + kL) (ko + kL)), (1b)

4



@3 = —kl; sin ¢ /[(kai + ki) (ekar + KLy, (1c)

and

Gpp = (Kayikeoys — kiikle cos :)/[(ekai + ki) (ehar + KL,)), (1d)

where

k.; = Ekcosb;,

kyy; = ksinb;,

k"z]- =ky/e— sin? 0;,

where j is either i or r. This model accounts for refraction at the interface and trans-
mission of light into and out of the material. The correlations between defects, the pen-
etration of the light into the material, the escape of the scattered light out of the mate-
rial, the characteristic optical constant and size of the defect, and the wavelength of the
light, A, do not effect the polarization, but rather contribute to terms common to all four

Jones matrix elements.

In the smooth surface limit, where first-order vector perturbation theory (Rayleigh-

Rice theory) can be applied, the scattering from microroughness has a characteristic

Jones matrix with elements given by!*~1°

G = ki cos b [(hui + KLy (hur + KL)), (2a)
QLB = — !y sin g [(ek + k) (kar + KL, )], (2b)
QLB = — k., sin r/[(kui + kL) (ehar + KL,)) (2¢)
and
G0 = (ehayibays — KLihl, cos 6c) /[(chai + L) (eha + EL,)] (2d)

Again, the surface height correlation function, or the power spectrum of the surface

height function, and the optical wavelength contribute only to terms common to all four
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elements, and therefore do not effect the polarization. Although the results of the micro-
roughness model can be rigorously derived by expanding the boundary conditions to first
order in the surface height function, the results are equivalent to radiation from dipoles
below the surface created by the electric field above the surface (or vice versa).!” This
result differs from that of the defect model, which assumes a dipole moment is generated
by the field at the location of the defect (below the surface), radiating from that same

location.

It can be seen from Egs. (1) and (2) that the gss, gps, and g5, Jones matrix ele-
ments for the two mechanisms are identical, and that the g,, elements differ, and then
only if the 6; and 6, are nonzero. To exploit the polarization of scattered light to dis-
tinguish between these two mechanisms, it is necessary that some p-polarized light be
involved in both the incident and scattered light, that there be some contribution from
at least one of the ¢, gps, and g,, Jones matrix elements, that the light be incident at
an oblique angle, and that the viewing angle be oblique. Comparison of the g,, elements
suggests that further contrast between the two mechanisms can be achieved if ¢, is var-
ied; that is, one views the sample out of the plane of incidence. This contrast is then

maximized by using either purely p-polarized incident light or p-polarized viewing light.

The conditions outlined above, allowing a distinction between the two mechanisms
by bidirectional ellipsometry, are also met for in-plane measurements with light incident
with a combination of s- and p-polarizations, e.g. 45° polarized light. However, this
practice relies on interference between the g,, element and the three other elements,
whereas the practice of measuring the polarization of out-of-plane scattered light for
p-polarized incident light (or visa versa) relies only on interference between the g, el-
ement and one other element. For this reason, it is expected that the polarization of
out-of-plane scattered light for p-polarized incident light will be more sensitive to the

scattering mechanism.



When the roughness is much larger than the wavelength of the light, then a specular
point, or facet, approximation is expected to be valid.!® This model assumes that light
is scattered by specular reflection by facets on the surface, the distribution being deter-
mined by the distribution of surface slopes, and the polarization being determined by re-
flection in the local reference frame for each facet. For brevity, the scattering matrix will
not be reproduced here, but the results will be used in a comparison to the data for the
rough etched backside of a silicon wafer. Like the microroughness and subsurface defect

models, light scattered in the specular point approximation is completely polarized.

3. EXPERIMENT

The Goniometric Optical Scatter Instrument (GOSI), which was used to perform
the measurements described in this paper, is described elsewhere.'®1% Briefly, the sec-
ond harmonic of a cw Nd:YAG laser (A = 532 nm) is incident onto a sample at an angle
0;, and light scattered into the direction defined by the angles {6,, ¢, } is collected (see
Fig. 1). The polarization state of the incident light is selected with a fixed linear polar-
izer followed by a rotatable A/2 linear retarder. The polarization state of the scattered
light is analyzed with a rotatable A/2 linear retarder followed by a fixed linear polarizer.
Although a bidirectional ellipsometric measurement can be carried out by fixing the in-
cident light polarization while rotating the detection polarization optics, all of the mea-
surements described in this paper were made by measuring the 3 x 3 non-handed Mueller
matrix using a (w,4w) scheme,?® whereby the receiving retarder is rotated at four times
the rate of the incident light retarder. The signal is measured at 16 evenly spaced inter-
vals, and the 9 elements of the 3 x 3 non-handed Mueller matrix [M;;, (¢, = 0,1,2)]
are determined from the Fourier transform of those signals. Since only linear polarized
light is used in these measurements, the fourth row and column of the Mueller matrix

are never determined.



When p-polarized light is incident upon the sample, the first three elements of the
Stokes vector of the scattered light are given by So = Moo — Mo1, S1 = M0 — Mi1, and
Sy = My — Msy. The angle n(P) that the principal axis of the polarization ellipse makes
with respect to the § axis when the incident light is p-polarized can then be determined

from the Stokes vector elements S; to be?!
(p) _ 1
=g arctan(Sy, S2), (3)

where arctan(z,y) is the argument of z + iy. As a measure of the degree to which the
light is linearly polarized, the degree of linear polarization when p-polarized light is inci-

dent on the sample is

PI(JP) = (fmax - fmin)/(fmax + fmin)
= [(51)° + (82)I'?/ S,

where fiax and fmin are the maximum and minimum scattered light signals as an ana-
lyzing linear polarizer is rotated, respectively (see Fig. 2). For linearly polarized light,

PIEP) = 1, and for purely depolarized light or circularly polarized light, PIEP) =0.

By concentrating attention on the principal axis of the polarization ellipse, certain
issues can often be ignored. Foremost of these is the scattering from other objects in the
room which are illuminated by the specular beam. This light is most likely to be highly

depolarized, and therefore will have little effect on the measurement of 7(®).

For all of the measurements reported in this paper, the incident angle was 6; = 45°
and the polar scattering angle was 6, = 45°. The azimuthal scattering angle ¢, was
varied so that the polarization of scattered light through a cone in the scattering hemi-
sphere was mapped out, and all but the extremes of the domain correspond to scattering

out of the plane of incidence. From the Bragg relationship, there exists a direct mapping
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of angles (6;, 6;, ¢:) to the spatial frequency (inverse periodicity) of the roughness being

probed. When 6; = 6,, the spatial frequency is f = 2sin(6;) sin(¢,/2)/A.

The polarization of optical scattering from a variety of samples was measured. Each
sample was chosen for its capability of demonstrating the theories above. Four silicon
samples (€ = 16.40 + 0.12¢ at A = 532 nm from Ref. (22)) were measured: two (Sil and
Si2) which were photolithographically designed to exhibit surface microroughness of two
different levels;*® a third (Si3) which was the rough etched backside of a silicon wafer;
and a fourth (Si4) which was a polished Czochralski-grown silicon wafer that exhibited
a significant degree of haziness from an unknown source. As an indication of the relative
scattering levels of these four samples, the BRDF levels in the 8; = 0° and 8, = 45°
configuration were approximately 1076 sr™1, 107* sr™, 1072 st~ !, and 107 sr™1, re-

spectively.

To further test the validity of the microroughness model with a metallic sample,
a 110 nm thick film of titanium nitride grown on a silicon wafer was considered (TiN).
Atomic force and scanning electron microscopies have typically found these surfaces to
have a high degree of roughness. This film exhibited a 0°/45° BRDF of approximately
10~* sr™!. The thickness of the film is sufficiently great that the film can be treated as
a bulk titanium nitride sample. The dielectric constant of titanium nitride at 532 nm
is reported by Ref. (24) to be ¢ = —2.3 + 4.8i. However, a rotating analyzer specular
ellipsometry measurement, performed at an incident angle of 55°and fitted to the results
of a two-phase model, yielded a value of ¢ = 1.3 + 5.6:. The bidirectional ellipsometry
results presented in this paper were better fit with the somewhat different value of ¢ =

1.6 + 4.62.

Two additional samples were used to test the subsurface defect model. The first

(FS) was a highly polished piece of high grade fused silica. Due to its polycrystaline
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structure, fused silica exhibits a small degree of bulk Rayleigh scatter. The scattering
extinction coefficient was measured to be about 2 x 107° cm ™! (base €) at 532 nm. At
angles close to the specular direction the scattered light is expected to be dominated

by surface figure, while at larger angles, the total scatter is dominated by the scatter
from the bulk. The second of these samples (ZD) was a polished piece of glass ceramic
(Zerodur?®), a material whose scattering extinction coefficient was measured to be about

7x1072 em™1! (base e).

A useful feature of bidirectional ellipsometry is its ability to distinguish between
different scattering mechanisms. A series of Schott?® UG1 visible light absorbing glass
samples?® was chosen, each ground and polished to different degrees so as to exhibit a
variety of BRDF levels, and are expected to exhibit a combination of microroughness
and subsurface damage. These samples (BgA, BgB, BgC, BgD, BgE, and BgF), which
were prototypes developed as BRDF calibration standards,?® exhibited BRDF levels in
the 0°/45° incident/viewing configurations of approximately 7 x 107 sr™1, 3 x107° s !,
2x1073 s, 7x1073 sr71, 9x 1078 st7!, and 1 x 1072 st !, respectively. The dielectric

constant for all of the glass samples was assumed to be approximately ¢ = 2.25.

The random and systematic measurement uncertainties for n and P}, can be esti-
mated by performing a series of measurements of these values with the receiver in the
path of the incident light and without the sample present. A series of eighty measure-
ments yielded values of n = 90.08° and F;, = 0.9993. These values differ from the theo-
retical values of n = 90° and P, = 1 due to systematic errors. The standard deviations,
oy, = 0.01° and op, = 0.0003, represent the respective random uncertainties for a sin-
gle measurement. The random uncertainties associated with the measurements are sig-
nificantly larger and are similar to the apparent fluctuations about their trends. Other

systematic errors may contribute to uncertainties with the sample present. Although
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a complete discussion of these uncertainties is beyond the scope of this paper, the ex-

panded uncertainties?” of 7 and Py, are not expected to exceed 5°and 0.05, respectively.

4. RESULTS AND DISCUSSION

Figures 3—6 show the results of bidirectional ellipsometric measurements on all of
the samples, grouped by material. For each sample set, we show the principal angle of
the polarization, n{P), and the degree of linear polarization, PIEP). The predictions of the
subsurface defect and microroughness theories, using Egs. (1) and (2), respectively, are
shown with each set of data. Since Fig. 3 also contains data for the rough etched back-
side of a silicon wafer, the predictions of the facet model are also included. All three the-

ories predict PIEP) ~ 1, except when applied to the metallic TiN sample.

The three rough silicon samples, Sil, Si2, and Si3, shown in Fig. 3, appear to fol-
low the microroughness model very well. (Sample Si4 will be discussed later in this sec-
tion.) The angle n(P) lies close to the model, and the degree of linear polarization, Py,
remains high. Deviations from P, = 1 are most evident for sample Sil, for which the
sample scatter is very low and extraneous signals not associated with the sample, such
as Rayleigh scatter in the air surrounding the sample or scatter in the room from the
specularly reflected beam, are most likely to dominate. For scattering angles ¢, less than

40°, the degrees of linear polarization are all 95% or higher.

It is somewhat surprising the degree to which sample Si3 follows the microrough-
ness model. The Si3 sample is not specular, so that the smooth surface limit would not
be expected to apply. Close inspection of the n{P) data in Fig. 3 suggests that, while the
Sil and Si2 samples are randomly scattered about the theoretically predicted curve, a
systematic deviation between the microroughness theory and the n(P) data for sample

Si3 exists. For that reason, the prediction of the specular point model has been included
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with the data in Fig. 3. It can be seen that the data for sample Si3 follows consistently
between the microroughness model and the specular point model, perhaps even following
the specular point model for ¢, < 40°. This result suggests that the light scattered by a
very rough surface, in some situations, may be considered as a combination of light scat-
tered in the two limiting approximations. In a regime where multiple scattering in the
specular point approximation occurs, further refinement of the theory, however, would be

expected, and would yield true depolarization of the light.

The light scattered by microroughness for p-polarized incident light is expected to
be linearly polarized. Although at large scattering angles, PIEP) deviates from unity, the
excellent agreement between theory and experiment for n(P) suggests that the increas-
ing depolarization is occurring because of the growing relative contribution of minority
scattering mechanisms. For example, microrough surfaces might be expected to yield a
small degree of subsurface features. Furthermore, nearly all surfaces include some oxide
layer, which may modify the scattering characteristics to some degree.?® As mentioned
above, for the low scatter silicon samples (Sil, Si2, and Si4), some of the apparent de-
polarization may be due to background scatter resulting from the specular beam strik-
ing the diffusely reflecting walls of the room or electrical cables on the goniometer. For
Sample Sil, Rayleigh scatter in the air surrounding the sample may also be contribut-
ing to a background.?® For sample Si3, which is very rough, the degree of polarization is
greater than 0.90, suggesting that large amounts of roughness do not necessarily cause

large amounts of depolarization.

Figure 4 shows the results for the TiN sample. Unlike the samples shown in Fig. 3,
the metallic nature of TiN causes some degree of elliptical polarization, indicated by the
model predictions for PIEP) deviating from unity. The solid curves in Fig. 4 represent the

predictions of the model using a dielectric constant € = 1.6 + 4.6z, which appears to fit
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both the 7(®) and PIEP) very well. Deviations between the theory and the measurement

for PIEP) are typically within 0.01, while those for n{P) are within 0.6°.

The excellent agreement between the theory and experiment for microroughness,
shown for rough silicon in Fig. 3 and for TiN in Fig. 4, implies that the polarization of
light scattered by microroughness is not determined by the exact details of the surface
height profile, but is a unique signature of the scattering mechanism. It therefore sug-
gests that scatterometers can be designed to be blind to microroughness. For example, a
device may be constructed with a number of detectors, each viewing a particular scatter-
ing direction, and each with a polarizer aligned to null the signal from microroughness.3°
Such a device would collect light over a large solid angle, be microroughness-blind, and

therefore be more sensitive to other sources of scatter, such as subsurface defects and

particulate contamination.

The 5(P) data for the glass ceramic sample (ZD), shown in Fig. 5, follows the sub-
surface defect model very well. The rather low PIEP) in sample ZD is expected. The scat-
tering extinction coefficient is very high so that multiple scattering will occur, the size
of the grains is probably not small enough for Rayleigh scattering to be applicable, and
those grains are not all of the same size and shape. The ability for bidirectional ellip-
sometry to extract a primary direction of polarization in such good agreement with the
theory may at first glance be surprising, since the models for scattering from subsurface
defects assume the scatterers can be treated in the Rayleigh approximation. That is, the
scattering centers are assumed to be point sources which polarize in the direction of the
local electric field and locally radiate an electric field proportional to k x k x p, where k
is the wavevector of the scattered light, and p is the induced dipole moment. However,
simple symmetry arguments can be invoked to show that a random distribution of scat-
tering centers will also polarize and radiate, on average, in the same manner. Therefore,

when the scatterers are randomly oriented in the material, the primary direction of the
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polarization, n(P), is an indication of the local environment of the scatterers. Certainly, if
all the defects within the illuminated region are aligned in a certain manner, and are not
random, then there will be a preferential direction differing from that predicted by the
Rayleigh approximation. Similarly, if a single non-Rayleigh scattering center is in the
illuminated region, then the polarimetric behavior will reflect details of that scattering

center, rather than that of an ensemble average.

The 7(P) data for fused silica, also shown in Fig. 5, agree very well with the subsur-
face model for out-of-plane scattering angles ¢, greater than ~ 75°. At these angles the
scattered light within the field of view of the receiver is consistent with the hypothesis
that it is dominated by the Rayleigh scattering in the material, which is predominantly
isotropic. For ¢, closer to the specular, however, the polarization of the scattered light
deviates from the subsurface model and approaches the microroughness model. At these
angles the scattered light is likely to be dominated by the surface finish of the sample.
This behavior is not observed for sample ZD, presumably since the subsurface scatter
is over three orders of magnitude greater than that for sample FS. The fact that these
two scattering sources can be distinguished in fused silica suggests that surface finish can
be measured by polarized scattered light techniques, despite the existence of subsurface

scatter.

Although the black glass data for 5(P), shown in Fig. 6, appear to follow the micro-
roughness model, they show a marked deviation toward the subsurface defect model,
suggesting that both mechanisms are contributing to the scattered light, with a greater
contribution arising from microroughness over most of the range of angles. This behav-
ior is not surprising since some subsurface damage inevitably occurs during the polishing
process. The ability for bidirectional ellipsometry to distinguish between the two mech-

anisms, and possibly to assign a magnitude to the two contributions, suggests that the
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technique could prove useful in diagnosing manufacturing processes, where the types of

defects that are created may be indicative of particular process deviations.

The data for sample Si4, included in Fig. 3, shows a marked deviation from that
of the other silicon samples. This sample, which was purchased as a prime silicon wafer
exhibited a significant degree of optical scatter. Analysis of the angle n(P) suggests, how-
ever, that the scatter is not originating from surface roughness, but rather from some
sort of subsurface defects. “Crystal originated particles,” as the semiconductor indus-
try refers to them, are common under certain wafer growth conditions, and consist of
small oxide and vacancy precipitates in the material.®! The fact that these localized de-
fects scatter light has earned them their misnomer. The results of this paper, however,
suggest that the polarization of the scattered light can be used to distinguish scatter re-

sulting from microroughness from that resulting from subsurface defects.

Models exist for scattering from particles on surfaces which predict the polariza-
tion of the scattered light to be different than that predicted for subsurface defects or
microroughness. For example, for very small particles on the silicon or TiN samples,
the light scattered by p-polarized incident light is expected to have n(P) = 90° for all
¢: in the 6, = 6, = 45° geometry.!? Although experimental results for bidirectional
ellipsometry measurements of particles on surfaces will be presented elsewhere, the tech-
nique of bidirectional ellipsometry should prove useful for distinguishing such particles
from other sources of scatter such as microroughness. It is reasonable to speculate that
bidirectional ellipsometry will be as applicable to the study of defects in thin films and
roughness at thin film interfaces as specular ellipsometry is at characterizing thin films.
The location of the source of scattering in a layered system, whether it be roughness in
one of the interfaces, or disorder in one of the layers, may be discernible with bidirec-

tional ellipsometry.32
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5. CONCLUSION

The results presented in this paper demonstrate that the principal polarization,
n(P), of scattered light from a variety of sources agrees very well with some simple mod-
els for optical scattering. Scattering from surface microroughness and subsurface fea-
tures have characteristic polarimetric signatures that allow these two mechanisms to be

distinguished.
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FIGURE CAPTIONS

Figure 1 The sample and beam coordinate systems.

Figure 2 A schematic of the intensity distribution measured by a rotating linear
polarizer, defining the angle n and the maximum and minimum signals, fynax and fuin,

respectively. The axes are defined so that the viewer is looking into the scattered beam.

Figure 3 Results of bidirectional ellipsometry measurements for the four silicon
samples (Sil, Si2, Si3, and Si4) as functions of the azimuthal scattering angle ¢.: (top)
the degree of linear polarization (PIEP)), and (bottom) the principal polarization angle
n(P) for p-polarized incident light. The incident and scattering polar angles were both
45°. The curves represent the models for surface microroughness (solid), subsurface de-

fects (dashed), and facets (dotted).

Figure 4 Results of bidirectional ellipsometry measurements for the TiN sample
as functions of the azimuthal scattering angle ¢,: (top) the degree of linear polarization
(PIEP)), and (bottom) the principal polarization angle 5(P) for p-polarized incident light.
The incident and scattering polar angles were both 45°. The curves represent the models

for surface microroughness (solid) and subsurface defects (dashed).

Figure 5 Results of bidirectional ellipsometry measurements for the two transpar-
ent samples (FS and ZD) as functions of the azimuthal scattering angle ¢,: (top) the de-
gree of linear polarization (PIEP)), and (bottom) the principal polarization angle 7(P) for
p-polarized incident light. The incident and scattering polar angles were both 45°. The
curves represent the models for surface microroughness (solid) and subsurface defects

(dashed).
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Figure 6 Results of bidirectional ellipsometry measurements for the six black glass
samples (BgA, BgB, BgC, BgD, BgE, and BgF) as functions of the azimuthal scattering
angle ¢,: (top) the degree of linear polarization (PIEP)), and (bottom) the principal po-
larization angle n(P) for p-polarized incident light. The incident and scattering polar an-
gles were both 45°. The curves represent the models for surface microroughness (solid)

and subsurface defects (dashed).
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